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Abstract
Global developmental delay has a significant socioeconomic impact. Early identification of the etiology can obviate further diagnostic
testing. Magnetization transfer imaging and diffusion-weighted imaging were performed on 85 children with global developmental delay and
133 normally developed children as control. Conventional MRI was abnormal in all of the 41 children with congenital brain malformation,
metabolic and chromosomal disorders, and vitamin B12 deficiency, 85.71% of the seven children with genetic syndrome, and 60% of the five
children with history of viral encephalitis. Although magnetization transfer ratios and apparent diffusion coefficients were abnormal in these
children, there was no specific pattern to aid the differential diagnosis. Eight of the 13 children with clinical suspicion of cerebral palsy had
abnormal MRI findings that may help to reclassify them as having congenital malformation. All of 19 children who were eventually classified
as idiopathic global developmental delay had normal MRI. The diagnostic yield of electroencephalogram, metabolic screening, cytogenetic
testing, and skin/muscle biopsy was low at 62.50, 24.71, 22.22, and 19.05%, respectively.
q 2005 Elsevier Ltd. All rights reserved.
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Global developmental delay (GDD) is defined as
significant delay in two or more of the developmental
domains including gross or fine motor, speech or language,
cognition, social or personal development, and activities of
daily living. Prevalence of GDD is 1–3% and has a
significant socioeconomic impact [1]. Disorders associated
with GDD include metabolic or chromosomal abnormal-
ities, genetic syndromes, and acquired cerebral insults.
Detailed history and physical examination can identify the
etiology in 17–34% of cases. CT and MRI delineate
acquired injury and congenital anomaly of the central
nervous system with diagnostic yield of 30 and 66%,
respectively [2–6]. Metabolic screening including urine
organic acids, arterial blood gases, plasma amino acids,
ammonia, and lactate has a diagnostic yield of 42% whereas1572-3496/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
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[4,7–9]. Early identification of the etiology of the GDD can
obviate further diagnostic testing.
Conventional MRI uses the T1 and T2 relaxation times
and proton density of tissue water to manipulate contrast.
Tissues contain both a free hydrogen pool and an immobile
hydrogen pool bound to macromolecular proteins and lipids.
Direct observation of the immobile hydrogen pool is
normally not possible because of its short T2 relaxation
time of !200 ms. By applying an off-resonance radio-
frequency pulse in magnetization transfer imaging (MTI) to
saturate the restricted pool, the signal of the free pool is
decreased because of magnetization transfer from the
immobile to mobile protons. MTI reflects the structural
integrity of the tissue being imaged and has been used as a
method of contrast enhancement, background suppression
and tissue characterization in magnetic resonance angio-
graphy and evaluation of white matter lesions, brain infarct,
brain tumors, and neurodegenerative disorders [10–16].
Microscopic behavior of tissues can also be examined by
diffusion-weighted imaging (DWI) through the random
translational mobility of water molecules. By applying
equal and opposite gradients on either side of a refocusingCMIG Extra: Cases 29 (2005) 27–32www.elsevier.com/locate/compmedimag
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motion are initially dephased and become rephased by the
opposite gradients. Mobile protons are not rephased, thus
resulting in decreased signal intensity. The amount of signal
loss is a marker of movement of free water and allows
indirect evaluation of tissue microstructure. DWI has been
used for investigation of brain tumors, ischemia, and
infection in children [17–21]. The purpose of this study
was to determine the complementary value of magnetization
transfer ratio (MTR) and apparent diffusion coefficient
(ADC) to conventional MRI and other investigations in
identifying the etiology of GDD.Table 1
Age and gender distribution of the study subjects
Age range Normal control Global developmental delay
Years Male Female Male Female
!1 12 5 13 2
!2 4 4 5 6
!3 5 2 9 6
!4 4 0 3 0
!5 4 3 7 4
!6 4 2 2 5
!7 4 2 3 2
!8 2 2 2 2
!9 5 3 2 1
!10 5 3 1 3
!11 10 3 1 0
!12 4 3 1 1
!13 5 4 1 0
!14 3 2 1 0
!15 5 4 0 0
!16 4 2 0 1
!17 4 2 0 0
!18 1 2 0 1
Total 85 48 51 342. Materials and methods
From February 2002 through April 2003, 85 consecu-
tive children (51 boys, 34 girls, age range: newborn to 18
years, average: 4.05 years) who were referred for MRI
evaluation of GDD were enrolled in the study. The control
group consisted of 85 boys and 48 girls (age range:
newborn to 18 years, average: 8.96 years) with normal
development who underwent MRI for pre-operative
assessment of brain tumors. Informed consent was
obtained from their parents and intravenous sedation
was used in younger children. MTI and DWI were
performed using a head coil on a 1.5 T MR system
(Siemens Symphony, Erlangen, Germany). Axial turbo
spin-echo T1-weighted (repetition time TR 460 ms/echo
time TE 15 ms/908 flip angle/two acquisitions/19 sli-
ces/5 mm slice thickness/1 mm inter-slice gap, echo factor
8, 20 cm field of view), T2-weighted
(3610/98/908/2/19/5/1), and coronal fluid-attenuated inver-
sion-recovery (9000/99/908/1/19/5/1/inversion time TI
2500 ms)-weighted images were acquired. Axial
gradient-echo fast low angle shot (FLASH) images were
obtained (160/14/158/1/14/5/1, 176!256 matrix, 1 min
26 s acquisition time, 78 Hz/pixel bandwidth) with and
without MTI pulse (gaussian envelope duration 7.68 ms,
5008, 1.5 kHz frequency offset). The MTR analysis using
MT-prepared gradient-echo sequence has previously been
shown to yield favorable sensitivity and specificity in
differentiating brain tumor, infection, and infarction in
adults and children [22,23]. Axial DWI was performed
using fat-saturated single-shot spin-echo echo planar
imaging (EPI) sequence (220/139/908/4/19/5/1, 128!
128, 50 s acquisition time, 1346 Hz/pixel, EPI factor
128, bZ0, 900 mm2/s in three orthogonal directions).
Regions of interest (ROI) were drawn on the ADC map
by one radiologist (MP) on the frontal and parietal cortical
gray matter, frontal and parietal deep white matter, head
of caudate nucleus, putamen, globus pallidus, thalamus,
substantia nigra, tectum, and middle cerebellar peduncle.
ADC of cerebrospinal fluid was used as internal control
by placing ROI in the ventricles. The T1- and T2-
weighted images were used as guide to delineatethe anatomical structures for ADC and MTR determi-
nation. In the control group, the ROI were drawn in
normal brain tissue remote from the tumor. MTR was
calculated using the equation: MTRZ100!(SI0–SIm)/SI0,
where SI0 and SIm were the signal intensities of the ROI
on the FLASH images without and with MTI pulse,
respectively. The children were separated into groups
according to gender and 1-year interval from !1 to !18
years of age. The MTRs and ADCs were compared to the
age- and sex-matched normal control using the Wilcoxon
signed-rank test for paired samples. Statistical significance
was defined as p!.05. The final diagnosis was obtained
based on a combination of history, physical examination,
conventional MRI, metabolic screening, molecular cyto-
genetic analysis, and/or muscle biopsy.3. Results
Table 1 categorizes the study subjects by age and gender.
The number of children with different causes for GDD,
EEG, metabolic, MRI, cytogenetic testing, and skin/muscle
biopsy abnormality is listed in Table 2. Of the children with
GDD who were investigated, 62.50% (25/40) had abnormal
EEG, 24.71% (21/85) had metabolic abnormality, 68.24%
(58/85) had abnormal findings on conventional MRI,
22.22% (6/27) had abnormal cytogenetic testing, and
19.05% (4/21) had abnormal skin/muscle biopsy.
Brain malformation was detected in 27 children by
conventional MRI including microencephaly (13), hydro-
cephalus (8), lissencephaly (5), posterior fossa cyst (3),
delayed myelination or dysmyelination (3), hypogenesis of
corpus callosum (2), Chiari malformation (2),
Table 2
Etiology, EEG, metabolic and MRI abnormality in children with global developmental delay
Number of children Abnormal EEG Metabolic
abnormality
MRI abnormality Cytogenetic
abnormality
Abnormal skin/
muscle biopsy
Brain malformation 27 6/10 6/27 27/27 0/4 0/1
Metabolic disorder 6 2/2 6/6 6/6 0/2 1/6
Chromosomal abnormality 6 4/4 0/6 6/6 6/6 0
Genetic syndromes 7 3/3 2/7 6/7 0/1 2/3
Post-viral encephalitis 5 2/4 0/5 3/5 0/1 0
Vitamin B12 deficiency 2 1/2 2/2 2/2 0/1 0
Cerebral palsy 13 3/5 3/13 8/13 0/4 1/7
Idiopathic developmental delay 19 4/10 2/19 0/19 0/8 0/4
Total 85 25/40 21/85 58/85 6/27 4/21
i a b c
a b cii
iii a b c
Fig. 1. A 10-month-old boy with Leigh’s disease and global developmental delay. (ia) Axial T2-weighted image shows hyperintensity in the medulla-cervical
cord anteriorly suggesting dysmyelination. The lesions are hypointense on T1-weighted image (not shown). (ib) Diffusion-weighted image and (ic) MTR map
demonstrates MTR as low signal intensity in the corresponding white matter tracts (iia) T2-weighted image at midbrain level in the same child shows
symmetrical dysmyelination in bilateral substantia nigra laterally, colliculi, and periaqueductal gray matter. Low ADC and low MTR are demonstrated as high
and low signal intensities on the (iib) diffusion-weighted image and (iic) MTR map, respectively. The occipital periventricular white matter lesions in the same
patient are more chronic with (iiia) T2 prolongation, (iiib) normal diffusion, and (iiic) slightly low MTR.
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nerve hypoplasia (1). The mean MTRs of cortical gray
matter (37.19G4.34%) were significantly (pZ.046) lower
than normal control (38.81G1.92%). MTRs of thalamus
(42.04G2.92%) were significantly (pZ.026) higher than
normal control (40.66G2.44%) whereas ADCs of tectum
(1.14G0.14!10K3 mm2/s) were significantly (pZ.028)
lower than normal control (1.23G0.11!10K3 mm2/s).
Conventional MRI showed T2 prolongation and T1
shortening in the white matter, basal ganglia, and/or
brainstem of all six children with metabolic disorders. The
ADCs of parietal white matter (1.35G0.15!10K3 mm2/s)
and MTRs of putamen (41.74G1.51%) were significantly
(pZ.046, .043) higher than normal control (1.20G0.21!
10K3 mm2/s, 39.66G1.70%), whereas ADCs of substantia
nigra (0.97G0.03!10K3 mm2/s) were significantly (pZ
.042) lower than normal control (1.01G0.04!10K3 mm2/s).
Fig. 1 shows a representative example of a boy with Leigh’s
disease and dysmyelination in the medulla-cervical cord,
bilateral substantia nigra, colliculi, periaqueductal gray
matter and occipital periventricular white matter.
There were six children with chromosomal abnormalities
including chromosome 8 duplication, chromosome 12
inversion, chromosome 1q deletion and 3q duplication,
proximal 15q deletion, partial deletion of chromosome 18,
and mosaic XX and XY. Conventional MRI demonstrated
structural abnormality of the brain in these children
including microencephaly (5), agenesis of corpus callosum
(3), hydrocephalus (2), lissencephaly (1), and delayed
myelination (1). ADCs of substantia nigra (1.09G0.10!
10K3 mm2/s) were significantly (pZ.046) higher than
normal control (1.01G0.05!10K3 mm2/s).
Of seven children with genetic syndromes, MRI was
normal on a child with type 7 glycogen storage disease. The
remaining six children with X-linked congenital hydro-
cephalus (2), metabolic myopathy with myoadenylate
deaminase deficiency, Prune Belly syndrome, Cono Renal
syndrome, and Pierre Robin syndrome had brain
malformation including T2 prolongation in the white matter
and deep gray nuclei (3), agenesis of corpus callosum (2),
aqueduct stenosis (2), lissencephaly (2), and microence-
phaly (2). MTRs of globus pallidus (44.81G1.56%) were
significantly (pZ.018) higher than normal control (41.87G
0.70%).
Conventional MRI depicted T2 prolongation in the white
matter, lacunar infarct in the putamen or hypoplastic corpus
callosum in three of five children with previous viral
encephalitis. The mean ADCs of cortical gray matter
(1.22G0.29!10K3 mm2/s) were significantly (pZ.043)
higher than normal control (1.03G0.12!10K3 mm2/s).
In two children with vitamin B12 deficiency, conven-
tional MRI showed brain atrophy. There was no significant
difference in the MTRs and ADCs of all brain structures
compared to normal control.
In 13 children with clinical suspicion of cerebral palsy,
conventional MRI depicted T2 prolongation in the whitematter (5), polymicrogyria (2), and hypogenesis of
corpus callosum (1). The ADCs of tectum (1.10G0.11!
10K3 mm2/s) were significantly (pZ.023) lower than normal
control (1.18G0.08!10K3 mm2/s).
Conventional MRI was normal in all 19 children without
an identified cause for GDD. There was also no significant
difference in the MTRs and ADCs of all brain structures
compared to normal control.4. Discussion
Conventional MRI, T2 measurement, ADC and MTR
determination have been used to study the white matter
maturation in normal children and to assess various
developmental, metabolic and neurodegenerative disorders
[24–28]. At birth there is a reverse adult pattern with low
T1 and high T2 signal intensities in the white matter and
deep gray nuclei. Highest MTR and shortest T2 are found
in posterior pons, mesencephalon and middle cerebellar
peduncle, lowest MTR and longest T2 in frontal and
occipital white matter. Myelination has occurred in the
pons, posterior limb of internal capsule and cerebellar
peduncle at birth, optic radiation and splenium before 3
months, anterior limb of internal capsule and genu before
6 months, white matter of frontal, parietal and occipital
lobes before12 months of age [24]. Cholesterol, phospho-
lipids, sphingomyelin, cerebroside and sulfatides increase
with active myelin synthesis whereas the total water
content of brain decreases from 90% at birth to 82% in
childhood. MTR depends on concentration of macromol-
ecules, surface chemistry and biophysical dynamics of
macromolecules. Myelin, cerebrosides and phospholipids
contribute to increased MTR during myelination with
concomitant decrease in ADC. The inverse relationship
between MTR and ADC reflects a shift from mobile to
immobile tissue protein. After complete myelination, the
corpus callosum has only myelinated white matter and
highest MTR; mesencephalon and anterior pons have
lowest MTR [25–27]. In our study, conventional MRI
demonstrated abnormal brain anatomy or T2 prolongation
in all of the 41 children with congenital brain
malformation, metabolic and chromosomal disorders,
and vitamin B12 deficiency. Of the seven children with
genetic syndrome, 85.71% were also shown to have brain
malformation. Conventional MRI demonstrated encepha-
lomalacia in 60% of the five children with history of viral
encephalitis. Eight of the 13 children with clinical
suspicion of cerebral palsy had abnormal MRI findings
that may help to reclassify them as having congenital
malformation. All 19 children who were eventually
classified as idiopathic GDD had normal MRI. The
diagnostic yield of electroencephalogram, metabolic
screening, cytogenetic testing and skin/muscle biopsy
was low at 62.50, 24.71, 22.22, and 19.05%, respectively.
Although the findings of abnormal myelination or brain
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useful adjunct to detailed history and physical examin-
ation in the decision-making concerning further metabolic
and cytogenetic testing, and muscle biopsy.
Other investigators have reported zones of increased
diffusion in the white matter and deep gray nuclei of
children with leukodystrophy, metabolic disorders and
neurodegenerative disorders. The increased diffusion has
been attributed to impaired myelination or demyelination
with myelin splitting and vacuolization [11,27–33]. Low
ADCs have been found in pyramidal tracts and dentate
nuclei of infantile neuroaxonal dystrophy reflecting
dystrophic axons with restricted mobility of water
molecules [34]. Demyelination is associated with
decreased MTR whereas high MTR is seen in wallerian
degeneration because of axonal collapse, destruction of
myelin, removal of myelin, fibrosis and atrophy [11,30].
We observed lower MTRs in the cortical gray matter but
higher MTRs in the thalamus and lower ADCs in the
tectum of children with brain malformation. There were
higher ADCs in the parietal white matter, higher MTRs in
the putamen and lower ADCs in the substantia nigra of
children with metabolic disorders. We also found
elevation of ADCs in the substantia nigra of children
with chromosomal abnormality, increased MTRs in the
globi pallidi of children with genetic syndromes, and
higher ADCs in the cortical gray matter of children with
previous viral encephalitis. These abnormal ADCs and
MTRs may result from different degrees of dysmyelina-
tion, myelin destruction and fibrosis. There was no
specific pattern of ADC and MTR alteration to aid the
differential diagnosis of GDD in these children. The lower
ADCs in the tectum of children with cerebral palsy and
the abnormal findings of T2 prolongation in the white
matter, polymicrogyria and hypoplastic corpus callosum in
8/13 children on conventional MRI suggest that some of
these children may be re-classified as having brain
malformation.
Our study was limited by the small sample size in each
category of GDD. The control group consisted of children
who had normal developmental milestones prior to the
diagnosis of brain tumors. Another limitation of this study
was the use of manual placement of ROI on various parts of
the brain for determination of MTR and ADC. Semi-
automatic computer segmentation technique to isolate these
structures may allow a more accurate analysis [35]. Further
study using healthy children with normal neuropsychologi-
cal testing as normal control and larger sample size of
different causes of GDD is necessary to determine any
specific pattern of MTR and ADC changes in GDD.5. Summary
Conventional MRI complements detailed history and
physical examination in the decision-making concerningfurther metabolic and cytogenetic testing, and muscle
biopsy in children with GDD. We did not find a specific
pattern of ADC and MTR alteration to aid the differential
diagnosis of GDD.References
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